The purpose of this investigation was to develop an in vitro model with which invasion of tissues by pathogenic Treponema pallidum could be studied. Double-sided culture chambers were created by mounting abdominal walls excised from mice between two halves of small dialysis cells. The integrity of tissue barriers was confirmed by dye exclusion. T. pallidum subsp. pallidum, including intrinsically radiolabeled organisms, was introduced into one side of each chamber, and fractions from the other side were evaluated over time by dark-field microscopy and scintillation counting. Tissues were evaluated by scanning electron microscopy and immunologic staining. Motile T. pallidum, but not nonpathogenic, host-indigenous Treponema phagedenis biotype Reiter, was able to pass from one side of the chamber to the other side within 10 h. Up to 12% of the inoculum crossed the chamber within 24 h. Spirochetes were found within tissue in the greatest numbers between 6 and 8 h postinoculation. The murine abdominal wall has epithelium only on the peritoneum side, and results showed that T. pallidum required an epithelial surface on the entry side of the double-chambered cell in order to traverse the tissue barrier. This new in vitro technique may be of value in studying spirochete virulence and host resistance.
Treponema pallidiuin subsp. pallidiun (referred to hereafter as T. pallidium) survives inflammatory and immune responses in infected hosts (4, 13) and disseminates to remote anatomical sites by mechanisms that have been difficult to elucidate. T. pallidium has been found within connective tissue following application to the surface of intact rabbit mucosa (9) , and it has been observed to spread from the site of inoculation to distant anatomical locations within infected rabbits (12) . T. pallidiumn can penetrate living cells in vitro (5) and in vivo in rabbits (7, 14) and humans (1, 15) . Intracellular T. pallidion can travel between vascular and extravascular compartments (11) inside mobile host cells. T. pallidiun can also disseminate by intercellular migration through tissues. Thomas et al. (16) have shown that T. palliduim can pass through a monolayer of endothelial cells in vitro by actively moving between cells with tight intercellular junctions. Thus, T. palliduin can move through complex tissues of infected hosts by intracellular migration, intercellular penetration, or a combination of both mechanisms. However, it is difficult to track the movement of this organism through tissues and organs of infected hosts.
The work of Thomas et al. (16) raises the possibility that in vitro models can be used to study the ability of pathogenic spirochetes to move within and through intact tissues. However, the internal milieu of infected hosts is much more complicated than endothelial cell monolayers, and an in vitro model more representative of in vivo environments would be of some benefit. We examined the invasive potential of T. pallidiin in vitro by determining whether it would pass through a relatively complex tissue barrier represented by the murine abdominal wall, which includes epithelium, connective tissue, and muscle layers. These Mice. Female BALB/c, CD4, and male C3H/He mice (ages, 3 to 6 months; Sasco, Inc., Omaha, Nebr., and Charles River Breeding Laboratories, Inc., Raleigh, N.C.) were sacrificed by cervical dislocation; and the abdominal wall covering the peritoneal cavity was excised from under the rib cage to just above the pubic area, providing a piece of tissue approximately 2 by-3 cm. The peritoneum side, which is covered with epithelium, was oriented to distinguish it from the ventral side, which is covered with loosely organized connective tissue. Excised abdominal walls were kept for less than an hour in sterile, ice-cold PBS until they were used to construct chambers.
Chambers. Culture chambers were assembled by placing a piece of abdominal wall, trimmed to fit within the posts of a dialysis cell (total volume, 2 ml; catalog no. H40260; Bel-Art Products, Pequannock, N.J.), between the halves (referred to hereafter as the entry side and the exit side) and tightening the assembled chamber to provide a watertight barrier. A ring of sterile filter paper, about 1 cm wide and trimmed to fit around the margins of the chamber in each cell half, facilitated the stretching of the tissue across the cell. In order to determine whether tissue barriers were intact, a sterile 0.4% solution of trypan blue in 0.9% saline (catalog no. 630-5250AG; GIBCO) was added to the entry side and PBS was added to the exit side. Chambers were incubated at room temperature for 15 to 30 min. The exit side of chambers became blue quickly if the seal around the tissue was faulty or if tissue was damaged. Before use, entry-side compartments of intact chambers were rinsed with sterile PBS until the rinse solutions were clear. The contents of both sides were removed, and sterile PBS containing 10% heat-inactivated (56°C for 30 min) NRS was then added to the entry side and neat NRS was added to the exit side. Washed spirochetes were suspended in PBS-10% NRS and added to the entry side of chambers to a final concentration of about 5 x 108 cells per ml. The entry and exit sampling ports were closed and chambers were incubated aerobically at 34°C.
Fractions of media from the entry and exit sides of each chamber were examined for spirochetes by dark-field microscopy at x400, by measuring radioactivity at various times from 1 h through 4 days, or by both methods. At the end of the examination period, the contents of both sides of some chambers were removed and tissue barriers were washed several times with sterile PBS. Chambers were then disassembled, and the tissue was prepared for further examination.
Scanning electron microscopy. Immediately after washing, approximately one-third of each tissue specimen to be examined was placed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) and held at 4°C for 4 h. During fixation each specimen was subdivided into smaller pieces (approximately 3 by 3 mm) with a scalpel. Following fixation, specimens were rinsed three times in cacodylate buffer and then dehydrated through a graded series of ethanol up to 100%. The specimens were subjected to critical-point drying, coated with 20.0-nm evaporated gold-palladium, and examined in a scanning electron microscope (Philips 515). (Fig. 1) . The intact squamous epithelial cells displaying tight intercellular junctions (Fig. 2a) .
In order to determine whether the barrier would exclude nonpathogenic and, presumably, noninvasive treponemes, four experiments were conducted in duplicate by using T. phagedenis. No spirochetes were seen by dark-field microscopy on the exit side of any of the four chambers through 48 h of observation. Two similar experiments were conducted in duplicate with T. pallidum by using spirochetes which were frozen at -70°C and freshly extracted spirochetes. In both experiments, no penetration of T. pallidum could be detected up to 4 h; however, following overnight incubation, motile spirochetes were observed in the exit side of each chamber. The number of spirochetes on the exit side did not increase during 4 days of observation.
Penetration of tissue by T. pallidum was assessed by both dark-field microscopy and by determining the radioactivity in the exit sides of two additional chambers. T. pallidium crossed tissue barriers, reaching peak numbers on the exit sides at about 20 to 22 h (Table 1) . Approximately 12% of the spirochetes placed in the entry side passed through the tissue to the exit side of the chambers.
A mixing experiment was conducted in which freshly extracted, radiolabeled T. phagedenis and unlabeled T. pallidum were added together to the entry sides of two chambers, and the exit sides were evaluated by both darkfield microscopy and scintillation counting. T. pallidum but not T. phagedenis was able to traverse tissue barriers ( Table  2 ). The morphology of spirochetes in the exit sides of chambers was consistent with that of T. pallidum, which is much smaller than T. phagedenis, and was easily distinguished from T. phagedenis by dark-field microscopy. Scin- chetes on the entry side (Fig. 3) . Note that such cells were not found on the epithelial surface of normal tissue (Fig. 2b) .
No spirochetes were observed on the exit side of chamber 2, nor was a cellular exudate observed on the epithelial surface of tissue exposed to T. phagedenis. Kinetics of migration of T. pallidum through tissue. To explore the kinetics of T. pallidum migration through tissue, frozen T. pallidum was thawed and introduced into three chambers, one of which was collected at 6, 8, and 10 h after initiation. At each collection period, the exit side was evaluated for spirochetes by dark-field microscopy, and then both sides were washed with PBS and the tissue was snap frozen in liquid nitrogen. Cross sections were incubated with IRS or NRS, and spirochetes within tissue were stained with a biotin-strepavidin system.
T. pallidum was not observed within the exit sides of chambers collected at 6 or 8 h, but motile T. pallidum was seen in exit sides of chambers at the 10-h collection period.
IRS, but not NRS, stained positive control infected rabbit testes, but neither serum stained normal mouse abdominal wall. IRS produced a dense band of stain on the epithelium side of chamber tissue collected 6 h after inoculation. Stain was observed scattered throughout tissue at 8 h, often occurring as dense patches. At 10 h little stain was seen in tissue, and no stain was observed in or around blood vessels. 
DISCUSSION
The observations presented above are consistent with the original work of Thomas et al. (16) regarding the invasive potential of T. pallidum and extend their findings to a more complicated barrier consisting of epithelium, connective tissues, and muscle. In the prior investigation, viable T. pallidum was able to move through monolayers of endothelial cells in less than 2 h (16), but in this study, spirochetes required more than 8 h of culture before they could be demonstrated on the exit sides of chambers. The longer time required for movement across mouse abdominal wall is probably a reflection of the greater thickness of the barrier, the greater complexity of the involved tissue, or both.
It is unlikely that T. pallidlum moved through the tissue barrier by association with blood vessels, because antiserum to T. pallidulm did not produce stain around blood vessels and because movement of spirochetes was at right angles to the vascular bed. It also seems unlikely that T. pallidum traversed murine abdominal walls because of an organ culture-generated increase in tissue permeability. Trypan blue in physiologic saline was excluded by the tissue barrier, and T. phagedenis was unable to move from one side to the other during the first 24-h period, either alone or when mixed with T. pallidum. The small numbers of T. phagedenis observed in exit sides of chambers after 2 or more days of culture may be evidence of physical deterioration of the barrier, but these later observation periods proved to be unnecessary. Furthermore, [35S]methionine was not detected in meaningful levels on the exit sides of chambers unless 35S-labeled T. pallidum was also found on the exit side. Low-level counts derived from labeled T. phagedenis placed on the entry side did not reach the exit side until after the migration of unlabeled T. pallidum peaked during the initial 24-h period.
Photomicrographs from scanning electron microscopic analysis of epithelial surfaces facing the entry sides of chambers showed that T. pallidum, but not T. phagedenis, elicited the migration of host cells out of abdominal walls onto the surface-facing spirochetes. Since T. phagedenis does not attach to host cells (5, 6) , it is not surprising that T. phagedenis was unable to elicit the same cellular response as T. pallidum.
T. pallidum is subject to phagocytosis (8) and could have been transported within phagocytic vacuoles from one site to another (10), especially since T. pallidum appears to be more resistant to the degradative effects of some phagocytic cells than T. phagedenis is (3) . Immunohistochemical analysis in this study suggested that initial penetration of tissue by T. pallidum occurred along a wide front after 6 h of culture but that some spirochetes may have been trapped by host cells after about 8 h because of the aggregated stain that was observed at that time. There was much less stain deposited after 10 h, suggesting either that all the spirochetes had migrated through or that host cells had transported them to one side or the other. Further experimentation will be necessary to confirm the role of phagocytic cells in this process and to determine whether phagocytic cells could have transported spirochetes to the exit sides of the chambers.
We used concentrated rabbit serum on the exit side to create a serum gradient to facilitate migration through tissue (D. Thomas, unpublished data). However, we have no reason to believe that tissue penetration would occur only under these conditions. Suspensions of T. pallidum contained rabbit serum and tissue components because no attempt was made to remove anything but easily sedimentable material. This rabbit material did not affect the integrity of tissue barriers because, in coincubation experiments, T. phagedenis was excluded while T. pallidum crossed through the barrier.
The directional movement of T. pallidum from the epithelium into deeper associated connective tissues is consistent with the early observations by Mahoney and Bryant (9) . These investigators applied viable T. pallidum to the surface of intact rabbit mucosa and found that the spirochetes moved through the epithelium into connective tissues below the site of application. T. pallidum attaches to cells by means of receptor-ligand interactions (2) that T. phagedenis cannot execute. Hence, in contrast to T. phagedenis, T. pallidum can attach to a large variety of cell types (5) . Results of this study support the key role played by attachment as the initial step in pathogenicity since T. pallidum required an epithelial surface in order to cross the tissue barrier in these experiments. When T. pallidum confronted a connective tissue surface on the entry sides of chambers, it was unable to traverse the barrier.
There are well-documented differences between some animal species and humans regarding their susceptibilities to infection with T. pallidum subsp. pallidum (for a review, see reference 13), but differences in propensity for disease does not mean that T. pallidum cannot interact with murine tissues as it would with rabbit or human tissues. Indeed, the observation that T. pallidum passes through a murine tissue barrier while T. phagedenis does not indicates that this model can be used to study spirochetes, whether or not the mouse is accepted as an appropriate animal for syphilis research. In fact, resistant species may offer advantages for investigation with this in vitro model that are not found with susceptible species.
In summary, construction of simple chambers with dialysis cells and abdominal walls of mice permitted in vitro analysis of migration of T. pallidum through a complex tissue. It is likely that other murine tissues and tissues from other animals, including humans, could be used in this assay. Other spirochete pathogens and potential pathogens could also be studied. Furthermore, by introducing substances into one chamber or the other, this model permits investigators to evaluate the effects of a variety of factors, such as drugs and immunologic mediators of resistance, on the virulence potential of pathogenic spirochetes.
